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We present a non-invasive broadband air photonic method of imaging of the electric field of THz
pulses propagating inside a tapered parallel plate waveguide. The method is based on field-enhanced
second harmonic generation of the fundamental laser beam in an external electric field. We apply
the technique to measure the frequency-dependent reflection coefficient at the end of the waveguide.
VC 2011 American Institute of Physics. [doi:10.1063/1.3628340]
Guiding of terahertz (THz) waves by various structures
is a topic of extensive investigation.1 Due to its unique prop-
erties such as dispersionless propagation of the TEM mode
with no frequency cut-off, the parallel plate waveguide
(PPWG) has attracted significant attention.2–5 Recently, a
tapered parallel plate waveguide (TPPWG) has been pro-
posed.6–8 THz waves can be confined inside a TPPWG on
subwavelength scale in both transverse dimensions,9 thus en-
abling THz near-field spectroscopy with subwavelength
resolution. The TPPWG also offers significant field enhance-
ment and, thus, has a big potential for investigation of non-
linear THz phenomena with tabletop laser sources, which in
recent years has become a very active research field. For ex-
perimental characterization of the TPPWG, it is necessary to
characterize the electric field distribution inside the wave-
guide. Recently, a method based on scattering of the field
from needle tip inserted into the waveguide was
demonstrated.10
In this paper, we present a non-invasive method for
characterization of the propagating electric field inside a
TPPWG. We adapt the air bias coherent detection (ABCD)
technique11 and apply it to a TPPWG in order to image the
THz electric field distribution inside the waveguide along
the propagation direction without disturbing the propagation
of the guided THz wave. As an application of the method,
we demonstrate the direct measurement of the reflection
coefficient for the THz wave at the end of the waveguide.
Figure 1 shows the schematic of the experimental setup.
The TPPWG consists of two electrically isolated, fine pol-
ished aluminum plates of a varying width (input 3 mm, out-
put 49 lm) and a varying plate separation (input 1 mm,
output 200 lm). The total length of the TTPWG is 25.4 mm.
A high voltage modulator (HVM) delivering 6100 V at 500
Hz (synchronized with first subharmonic of the laser repeti-
tion rate) is connected to the waveguide plates. The applied
voltage results in an electric bias field of 65 kV/cm at the
point of the narrowest gap between metal plates. Broadband
THz pulses generated by tilted pulsefront optical rectification
in LiNbO3 (Ref. 12) are coupled into the TPPWG at the
wide end of the waveguide. The THz wave propagates
between aluminum plates in a TEM mode and then couples
out into the free space at the narrow end of the waveguide. A
near-infrared (NIR) beam from a 1 kHz, 90 fs, 800 nm regen-
erative Ti:sapphire femtosecond laser amplifier (Spectra-
Physics Hurricane) is used for probing the THz field between
the plates of the waveguide. The NIR beam is focused in the
center of the volume between the plates with a 19 mm-focal
length lens (L1) and recollimated after the waveguide with
lens L2. The beam waist at the focus point has been esti-
mated to be 6.5 lm and the Rayleigh range is 41 lm. The
highest NIR pulse energy limited to 18 lJ in order to avoid
ionization of the air. This part of the setup is mounted on a
translation stage that enables scanning along the waveguide
(z direction). The beam is sent through 400 nm bandpass fil-
ters to a photomultiplier tube (PMT) which detects the 400-
nm light generated in the ABCD process. The signal from
the PMT is measured by a lock-in amplifier referenced to the
HVM modulation frequency. The polarizations of the four
interacting electric fields (terahertz, fundamental, second
harmonic (SH), and bias) are perpendicular to the waveguide
plates.
Coherent detection of THz radiation is based on the
interaction between the laser pulse Ix and the THz electric
field ETHz in the presence of the external oscillating electric
field Ebias. According to Karpowicz et al.,
11 the intensity
I2xðr!; tÞ of the SH generated at the point r! and time t as a
result of such an interaction can be expressed by
I2xð r!; tÞ / 4½vð3ÞIxð r!; tÞ2Ebiasð r!; tÞETHzð r!; tÞ; (1)
where v(3) is the third-order nonlinear susceptibility of the
gas. We assume that Ebias is constant during the interaction
time between the THz transient and the probe pulse.
In the standard ABCD configuration, the probe pulse
and the THz transient propagate collinearly through the area
of a bias field. For a given THz-probe delay time s, each
point of the NIR probe interacts with the same part of a THz
waveform through out the whole interaction length. Thus,
the detected SH intensity I2x(s) is proportional to the time
convolution between the THz waveform ETHz(t) and the
square of probe intensity I2xðtÞ,
I2xðsÞ / Ebias
ð
ETHzðtÞI2xðs tÞdt: (2)
In our configuration, the THz transient and the probe pulse
propagate in perpendicular directions. In this case for a givena)Electronic mail: kiwa@fotonik.dtu.dk.
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THz-probe delay time s, each point of the NIR probe inter-
acts with a moving THz waveform and the intensity I2x(s) of
the generated SH is expressed as
I2xðsÞ /
ð
Ebiasð r!Þ
 ð
ETHzðt; r!ÞI2xðtþ s; r
!Þdt

d3 r
!
: (3)
In the above, the inner integral is a temporal cross-correla-
tion between the THz transient and the square of the probe
beam intensity at the space point r!, while the outer integral
sums the contributions from each point of the interaction
volume.
We now consider our case of a 800 nm, 90 fs-long pulse
in a focused Gaussian beam of waist 6.5 lm and a Rayleigh
range of 41 lm. The beam is focused in an uniform THz field
restrained to a volume of thickness Lx (inset in Fig. 2(a)). The
maximum induced SH I2xmax as a function of Lx calculated
with Eq. (3) is shown in Fig. 2(a). A single-cycle THz tran-
sient with frequency components in the range 0.05-3.0 THz
was used for the calculations. For Lx shorter than the Rayleigh
range, the interaction length between the THz wave and the
probe is defined by Lx. In the opposite limit of Lx longer than
the Rayleigh range, I2x saturates. The interaction length is
then limited by the geometrical dimensions of the focus of the
probe beam, as indicated by the quadratic dependence of Ix in
Eq. (3). This is valid as long as the wavelength of highest fre-
quency components within the THz transient is shorter than
the Rayleigh range of the probe beam. The response function
R(f)¼ I2x(f)/ETHz(f), which describes the spectral response,
has been evaluated for different widths of the THz region as
shown in Fig. 2(b). For small Lx, the response function is
monotonously decreasing with frequency. For larger Lx, the
effects of positive and negative parts of the THz waveform
can interfere leading to sharp dips in the response.
In Fig. 3(a), we show a 2D map of THz induced SH
I2x(t,z) as a function of the THz transient-probe delay time t
for different positions z of the probe beam along the wave-
guide can be obtained. Two THz transients are visible in the
plot: the first transient, centered at 5 ps time delay, is the
incident pulse propagating inside the waveguide. The second
transient, propagating in the opposite direction, originates
from the reflection at the waveguide end (position z¼ 0 mm)
due to the impedance mismatch between the waveguide
(z< 0) and free space (z> 0). Values of I2x(t,z) for z< 0 has
been corrected for the local bias field Ebias(z), which changes
with the plate separation. We have to note that for z> 0 (out-
side the waveguide), the bias electric field quickly decays,
which leads to vanishing I2x(t,z). Fig. 3(b) shows the
retrieved and simulated peak value of THz electric field as a
function of NIR probe position z along the waveguide. To
calculate ETHz(t,z), the values of I2x(t,z) have been corrected
using the width of metal plates (and correspondingly by the
interaction length Lx(z)) according to the dependence from
Fig. 2(a). The time-domain numerical simulation was per-
formed with CST Microwave Studio for a TPPWG made of
aluminium treated as a lossy metal with conductivity of
r ¼ 3:56  107 S=m. The simulation agrees well with the
measurement except for z> 0 where the fast decrease in the
measured value is caused by the rapid decay of Ebias outside
the waveguide. The dip at z¼0.15 mm has its origins in
the interference between incident and reflected waves. The
shape of the TPPWG structure can cause field enhancement
in the proximity of the waveguide edges (propagating THz
edge plasmons),9 while the calculated value of ETHz(t,z) is an
integrated value of the THz electric field along the probe
direction within the interaction volume. If additional free-
dom of the scanning stage movement along directions x and
y is available, then edge enhancement effects can also be
investigated using our method, with a transverse resolution
determined by the Rayleigh range of the probe beam.
FIG. 1. (Color online) Schematic of the air photonic setup for non-invasive
field imaging inside a tapered parallel plate waveguide. THz radiation is
coupled into the TPPWG, propagates along it, and then interacts with NIR
probe inducing second harmonic generation in the presence of oscillating
local electric bias field. L1, L2—lenses, F—400 nm filter, HVM—high volt-
age modulator, and PMT—photomultiplying tube.
FIG. 2. (Color online) (a) Normalized maximum second harmonic intensity
I2x as a function of interaction length Lx between fundamental and THz
beams. The 800 nm beam waist at the focus point has been calculated to be
6.5 lm and the Rayleigh range is 41 lm, pulse duration 90 fs. Inset presents
considered geometry. (b) Normalized response function R(f) for Lx¼ 20 lm,
80 lm, and 200 lm.
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Fig. 4 shows the measured frequency dependent amplitude
reflection coefficient C(f)¼Erefl(f)/Einc(f) at the waveguide end
together with the result of a numerical simulation. For a good
temporal separation between the incident and reflected pulses,
the data (shown at the inset to the Fig. 4) are taken at a point
z¼0.9 mm from the waveguide end. That implies that the
presented reflection coefficient C includes not only reflection
but also propagation effects, such as ohmic losses and wave
scattering, which will lead to additional reduction of the ampli-
tude of the reflected field. The reflection of the THz wave is
caused by impedance mismatch between free space Z0¼ 377
X and the waveguide ZPPWG ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃðRþ ixLÞ=ðGþ ixCÞp ,
where R, L, G, C are correspondingly distributed resistance, in-
ductance, conductance, and capacitance of the waveguide. We
observe that the reflection coefficient C¼ (ZPPWGZ0)/
(ZPPWGþ Z0) decreases with increasing THz frequency. We
find good agreement between measurement and simulation in
the frequency range 0.1–0.5 THz. At higher frequencies, the
measured reflection coefficient C is smaller than theoretically
predicted. This can be caused by the increased wave scattering
(especially important at higher frequencies and at interfaces)13
and increased ohmic losses at higher frequencies.
In conclusion, we have presented a non-invasive broad-
band method of imaging of the THz field inside PPWGs. The
method does not disturb the propagating THz field as exem-
plified by the measurement of the THz reflection coefficient
from the tip of the waveguide. The resolution of the method
is restricted by the geometrical dimensions of the NIR probe
focus spot only, while the frequency response depends on
the interaction length between THz and the NIR probe.
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FIG. 4. (Color online) Measured and simulated frequency dependent ampli-
tude reflection coefficient C of the waveguide end. Waveform from point
z¼0.9 mm shown in the inset.
FIG. 3. (Color online) (a) 2D map of THz induced second harmonic I2x(t)
as a function of THz wave-probe delay time for different positions of the
probe beam along the waveguide. Values of I2x(t) have been corrected for
the bias field. (b) Measured and simulated integrated peak THz electric field
across the waveguide as a function of NIR probe position z.
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